The rate o f dissolution of sponge iron into molten steel has been studied. Reduced pellets from Midrex and HyL processes and pellets containing coal char were used. The dissolution of the pellets is accompanied by continuous gas evolution which is due mainly to the reduction of iron oxides remaining in the pellets by the carbon within the system. It was found that HyL pellets dissolved faster than Midrex and Midrex pellets dissolved faster than Sartenejas. The rate of heat transfer from the bath to the pellet was found to increase with increasing gas evolution. The melting process was simulated by a mathematical model by assuming heat transfer control. This model allowed the calculation of the heat transfer coefficient as a function of the instantaneous radius of the pellet.
I. Introduction
The technology of electric furnace steelmaking has undergone significant development over the last twenty years. Contributing factors to that growth are the advances in the furnace design and the development of the direct reduction processes which place the sponge iron in a competitive situation with scrap. This also contributed to establish the technology Direct-Reduction-Electric Furnace as an alternative to the Blast-furnace-B.O.F.
Directly reduced iron constitutes a relatively new charging material to the steelmaking process. Unlike scrap and pig iron, the DRI is characterized by a high porosity, low density, low thermal conductivity, high surface area, a relatively high oxygen content and intermediate carbon percentages. Obviously, these differences should introduce changes in the steelmaking practice. Pilot plant and mill trials have demonstrated that the use of DRI leads to improved yield and productivity and decrease electrode and lime consumption. This advantages are due first, to the better knowledge of charge composition which allows more accurate predictions of final analysis and closer calculation of lime addition; and second, to a decrease in the tap to tap time because of the pre-refining achieved during continuous feeding.l- 5) Because of its importance to the understanding of DRI-Electric Furnace steelmaking, the behavior of DRI pellets in both, slag and molten steel have been recently investigated. Elliott et a1.6) studied the heating and melting of DRI pellets in hot slag of composition similar to that of electric furnace operation. Their work showed that the heating of the pellet is accompanied by continuous evolution of carbon monoxide (94 %) and dioxide (6 %). Gas evolution was found to influence the rate of heat transfer from the molten slag to the pellet. Indeed, the larger the gas evolution, the greater the heat transfer coefficient, and therefore, the rate of heat transfer to the pellet. Elliott and coworkers calculated, based on a theoretical model, the melting time of the pellets. The calculations indicated that the melting rate of the pellets in the metallization range between 80 % and 90 % increased with decreasing percentage of metallization and by decreasing the size of the pellet. Sato et a1.7) investigated the rate of melting of cylindrical pellets in a carbon saturated melt. According to their work, the melting rate of the pellets was enhanced by increasing the carbon content of the bath, carbon content of the pellet and residual oxygen content of the pellet. In later work, Sato et a1.8) measured the melting rate as a function of gas evolution from the pellet. They demonstrated that the melting rate increases with decreasing gangue content and decreasing melting point of the slag. As in their previous work, an increase on the residual oxygen content of the pellet and carbon content of the bath increased the melting rate. The apparent activation energy for melting was 33 kcal/mol; value from which they concluded that the process was controlled by the rate of heat transfer and the reduction of pellets charged with and without Fe203.
The melting of the pellets in a carbon saturated melt, as properly stated by Sato et a1.7) is heavily influenced by the reduction of iron oxides in the pellet by carbon in the melt. However, as demonstrated by Yeong Ukim and Pehlke,9) Olsson et al.,10) and Szekely et al.11 ; the melting rate of a low-carbon steel in a carbon saturated melt is controlled by the diffusion of carbon from the melt to the solid-liquid interface. This could be the case for pellets with low carbon percent and high metallization, and under these conditions, diffusion of carbon can not be neglected. Therefore, the determination of the rate controlling step based on the value of the apparent activation energy should be taken cautiously. The system is too complicated, and therefore a more careful approach is required. For instance, the work should be carried under conditions where one of the steps already mentioned is more likely to be the rate controlling one. Such approach is taken here where the bath is low in carbon and the estimated melting temperature of the pellet is close to that of the bath. The overall process has been simulated in the computer by using a mathematical model where the heat transfer rate from the bulk of the molten bath to the melting interface is the rate controlling step. The mathematical approach was similar to that followed by previous investigators. [12] [13] [14] II. Mathematical Formulation The system considered in the present work consists of a spherical pellet of radius Ro and initial temperature TT0. The pellet is brought into contact with a low-carbon steel melt which is at temperature TTB, greater than the melting temperature of the pellet, Tm. Under these conditions, the system is assumed to be controlled by the rate of heat transfer from the bulk of the molten bath to the melting interface. In order to be able to formulate mathematical expressions describing the behavior of the process, the following tenable assumptions are made :
(1) The physical properties of the system remain constant during the process.
(2) The temperature profile within the pellet is symmetrical with respect to the radial coordinate.
(3) The melting temperature of the pellet as well as the temperature of the molten bath remain constant during the process.
(4) The heat transfer from the bulk of the molten bath to the solid-liquid interface is due to convective mechanism.
A heat balance made on the system is expressed by the well-known partial differential equation:
The initial and boundary conditions associated with Eq. (1) Equations (1) to (5) expressed in dimensionless form are respectively as follows : The system is described by Eqs. (6) to (9) . No analytical solution exists for this set of dimensionless equations. Chuang and Szekelyl2) and Ehrich et a1.13) have used successfully the Green's function method to transform the partial differential equations describing melting and solidification problems into the integral form, in terms of the initial and boundary conditions. By using the Green's function method and after some mathematical manipulation, the general solution of Eqs. (6) to (9) can be written as follows:
Where G is the Green's function expressed in spherical coordinates as follows :
Equation (13) describes the temperature distribution within the pellet, as a function of i,i and z', in terms of the initial and boundary conditions. This equation contains two unknowns, cb(z') the instantaneous position of the melting interface, and o(r,z') the dimensionless temperature. Equation (13) could be integrated numerically but it has some difficulties such as the singularity of G as i -f 0, --> 0 and z' --~ z. The general technique used to overcome these difficulties is described by Chuang and Szekely.l2) Using this technique Eq. (13) 
III. Experimental Procedure
The melting tests were performed in an inductiontype furnace using a 6 kg capacity magnesia crucible. Midrex and HyL reduced pellets provided by SIDOR were dissolved in the molten bath. A third type of pellets produced in the laboratory using coal char (81.6 % C, 14 % v.m., 4.2 % ash) as a solid reductant were also used. These pellets were reduced prior to the dissolution experiments. Table 1 shows the composition of these three types of pellets.
The molten bath was decarburized previously by adding iron ore to reduce the carbon content between 0.10 % and 0.15 %. The bath was slagged prior to the test. A Pt-Rh immersion thermocouple was used to measure the bath temperature. Two different techniques were used in these experiments. One consisted of dropping the pellet on the bath, allowing it to move freely on the surface of the liquid metal observing its behavior and recording the time it takes to dissolve completely. The other technique consisted of dipping the pellet into the bath while it is being held by a ceramic tube attached to it with high temperature refractory cement. In some of these experiments, a 0.003 in-diameter Chromel-Allumel insulated thermocouple was attached to the center of the pellet to measure the temperature change at this point throughout the dissolution process. Partially dissolved pellets were selected to be analyzed by scanning electron microscopy and determine structural changes occurring during the melting test.
Iv. Experimental Results
The three types of pellets used in the experiments : Midrex, HyL and Sartenejas have shown a similar behavior during the dissolution process. Due to its low density, these pellets float on the surface of the melt and tend to move towards the wall of the crucible. The slag which is being produced during the process accumulates continuously on the surface of the melt reducing the rate of dissolution of the floating pellets. Thus, it was necessary to remove the slag prior to each test to assure a good dissolution process. The experimental results have indicated that Midrexand HyL-type pellets took between 15 sec and 25 sec to dissolve, meanwhile Sartenejas-type pellets took from 25 to 70 sec.
The interaction of the pellet with the bath generates a strong agitation. This is due to the evolution of the gases trapped in the pores of the pellet and those being produced during the process by chemical reactions. That is, carbon monoxide and carbon dioxide formed by reaction of the oxygen in the bath or in the unreduced iron oxide with the carbon in the pellet. The extent of agitation increased with decreasing pellet metallization. Sudden expulsion of the pellet out of the melt were observed for percentages of metallization below 60 %. Similar behavior was reported by Sato et a1.8~ with pellets over 93 % metallization.
The experiments performed using pellets that were completely dipped into the melt confirmed the strong agitation produced by gas evolution. These also allowed the evaluation of the difference between the rate of dissolution of the three types of pellets used in this work. It was observed that Midrex-and HyLtype pellets melt at a higher melting rate than the Sartenejas ones. This behavior is mainly related to the difference in composition and physical structure of three types of pellets.
Pellets dipped into the melt for a few second were analyzed by scanning electron microscopy. This technique allowed to determine the structural changes occurring during the melting process.
Photograph 1 shows the surface structure of a Midrex pellet immersed in the melt during 5 sec. This photograph shows that the pellet surface in contact with the bath is highly porous. Notice the tunnellike appearance which clearly indicates the continuous gas evolution that takes place during the dissolution process. Photograph 2 illustrates in more detail the characteristics of pore observed at the surface. (17) Photograph 3 shows the internal structure of a partially dissolved Midrex pellet. The internal structure is equal to that observed in the reduced pellet prior to the dissolution test. This difference between the surface and the center of the pellet demonstrates that the resulting surface structure is only a localized effect produced by the pellet-bath interaction.
V. Discussion
The melting or dissolution of pellets in liquid steel is a complex process due to the simultaneous interplay of different physical and chemical phenomena. Sato et a1.7-8) have identified four main stages during the melting process. They are : 1) heat transfer from the melt to the pellet 2) carbon transfer from the iron melt to the melting interface 3) iron transfer from the pellet to the melt 4) reduction of iron oxides in the pellet by carbon in the melt. Stages 1) and 3) apply also to this work; however, the pellet used here has a higher carbon content than the melt. Therefore, stage 2) should be reversed and the interaction between the ferrous oxide and the carbon of the pellet should be stronger than the interaction with the carbon of the melt.
Under the experimental conditions of this work, the most influential aspects of the melting process are the chemical interaction inside the pellet and at the pellet-melt interface, and the rate of heat transfer from melt to pellet. Elliott et al.61 demonstrated that the dissolution of pellets into molten slag is depending upon the rate of heat transfer which is influenced by the gas evolving from the pellet produced by the reduction of the ferrous oxide by the carbon wthin the pellet. Thus, Elliott et a1.6~ proposed the following possible mechanism: Reactions (16) and (17) assume that the carbon is present in the form of cementite. Figure 1 shows the spectrum resulting from the analysis of fractured surfaces of the reduced Midrex and HyL pellets. This analysis was done by using Auger electron spectroscopy. The fact that the cementite peak was not present, and the decrease in the intensity of the graphite peak after argon bombardment, indicates that the carbon within both, the Midrex and HyL pellets is more likely to be in the form of graphite or carbon soot deposited internally within the pellet during the reduction process. Further examination by standard metallographic methods did not show even traces of cementite. The results have also shown that the melting process is accompanied by a continuous gas evolution. Theoretical calculations, based on the carbon and oxygen content of the pellet have given volumes of 150 and 280 cm3 of gas evolved for the pellets Midrex and HyL, respectively. These values agree well with those of 280 and 1 000 cm3 reported by previous investigators.5-8~ Based on these observations, it is possible to consider two mechanisms to account for the continuous gas evolution reported in this work, they are :
(1) Chemical reactions between the graphite or carbon deposited on the surface of the pellet grains with the oxygen entrapped within the pellets to produce mainly CO. This CO could react with the ferrous oxide reducing it and generating CO2. Therefore the following reactions are possible : 
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Iv. Conclusions
The melting of pre-reduced iron pellets in liquid steel is a complex phenomena because of the interplay of several variables that can not be accounted for in a mathematical simulations of the melting process. Nonetheless, the results of the theoretical model based on simplified assumptions and those of experimental observations allow the stating of the following conclusions:
(1) The rate of heat transfer from the melt to the pellet is strongly influenced by the continuous gas evolution occurring during the process. The higher the gas evolution the faster the melting rate.
(2) The gas evolved during the melting process is mainly carbon monoxide formed by chemical reactions between the carbon deposited within the pellet and oxygen from unreduced iron oxides or that dissolved in the liquid steel. 
